The crystal and molecular structure o f 2-methyladeninyl-cyanocobamide (factor A) has been determined. This compound crystallizes in space group P21212, with a = 2630.6 (15), b = 2210.6 (13) and c = 1592.1 (9) pm. The structure has been solved by the heavy-atom method and refined by least-squares methods on the basis o f 3682 X-ray counter data to R = 0.166 and R w = 0.148. As far as we know, this is the first X-ray-investigation of a purine-corrinoid, which differs from cyanocobalamin (vitamin B12) by containing a purine base instead of 5,6-dimethylbenzimidazole. The structure analysis o f 2-methyladeninyl-cyanocobamide shows unambiguously, that the purine base coordinates with cobalt via N B9. The choice o f N B9 as coordinative atom can be ascribed partly (or mainly?) to steric influences, since coordination via N B3, which was also discussed, would presumably lead to severe distortion of the nucleotide loop.
Introduction
Shortly after vitam in B12 (cyanocobalam in) had First been obtained in crystalline form [1, 2] , a num ber o f substances related to B12 were isolated and crystallized m ore or less at the same time; Pseudovitam in B12 and "pseudovitam in Bi2b" from an incompletely identified m icroorganism isolated from rum en contents by Pfiffner et al. [3] , "vitam in Bi2m" from pig m anure by W ijmenga [4] , and " factor A " from bovine gut contents and faeces by Ford and Porter [5, 6] . It was not possible at that tim e to clearly distinguish or further separate the above B^-preparations by chrom atographic m eth ods. However, paper electrophoresis (which was probably applied for the first tim e to B12 research in these investigations) showed them to be non-homogeneous; In 0.5 m acetic acid as buffer solution in the presence of cyanide several fractions appeared, one fraction of each B12-preparation, however, moving at the same velocity (3.9 x 10-5 cm2 V-1 s-1); it was the m ain fraction of "factor A" and "vitam in Bi2m" and was then finally designated factor A [7] .
Factor A has been isolated from many kinds of bacteria [8] , including Chromatium vinosum [9] , and, like pseudovitamin B12, is mostly found in anaerob ically fermenting substrates such as ruminal [8, 10] and intestinal [11] contents, faeces [12] and sewage sludge [13] . Factor A probably always dom inates among purine-B12-analogues in these m edia, often, in conjunction with pseudovitam in B12, occurring as the m ain constituent of the B12-family, one example being sewage sludge [14] . Its occurrence in rum en contents is remarkable (2.15 jig factor A, 0.52 pg pseudovitam in B12, 2.84 pg cobalam in and 1.24 pg cobinam ide in 1 g of dry substrate on average [10] ).
Factor A has also been prepared by "guided biosynthesis" by means of Escherichia coli 113-3, starting from cobinamide and 2-methyladenine, nucleoside of factor A or nucleotide of factor A [15] , as well as via Propionibacterium arabinosum ferm en tation by addition of 2-methyladenine [16, 17] . A partial chemical synthesis o f factor A [18, 19] used cobyric acid isolated from sewage sludge [20, 21] as starting m aterial.
It is further to be noted [22] that, like other nucleotide-containing native B12-analogues, factor A in the presence o f 5,6-dimethylbenzimidazole is trans formed by Propionibacterium shermanii into cobalam in via nucleoside exchange.
The biological activity of factor A has been thoroughly investigated and compared with that of vitamin B12 (/. e. 5,6-dimethylbenzimidazolylcobamide, its activity taken as 100%). Activity for growth rate: E. coli 113-3 ca. 50% [23, 24] , Lactobacillus leichmannii 40% [23] , 20% [25] or 17% [26] , Euglena gracilis 60% [23] , Ochromonas malhamensis 0.0% [23, 27] , Flavobacterium 0.6% [28] , chicken ca. 1.0% [29] . Propionate oxidation: O. malhamensis 2% [30] , Fla vobacterium 92% [28] . A ntipem icious activity: 0.0% [27] or "slight" [23] . The other purine-analogues of vitam in B12 isolated thus far show activities similar to those o f factor A [31] . Like pseudovitam in B12, factor A is not, or only extremely poorly so, ab sorbed from hum an intestine (it does not inhibit the absorption o f cyanocobalam in in the intestine in vitro [17] ). This can be attributed to the very poor affinity of the purine-B 12-analogues for the intrinsic factor [32] .
It appears likely that factor A (as well as the other purine-analogues o f vitam in B12) represents an evolutionary older form of B12, since it is found alm ost exclusively under anaerobic conditions and possesses no or only very slight activity toward anim al cells [13] . In activated sludge (aerobic fer m entation) one finds only extremely small amounts o f factor A (and pseudovitam in B12), as compared w ith cobalam in and its benzimidazole analogues [14] . It is interesting to note in this connection that P. shermanii under anaerobic conditions produces the cobinam ide portion only, while the 5,6-dimethylbenzim idazole part o f vitam in B12 is synthesized after exposure to air [8] .
Physico-chemical investigations o f factor A started with the detection o f 2-methyladenine after decom position o f the corrinoid with 1 -2 M HC1 at 100 °C [33] [34] [35] [36] , Hydrolysis o f factor A by Ce(O H )3 yielded cobinam ide and the crystalline nucleoside, which was identified as 2-methyl-7-D-ribofuranosyladenine [37] . Sim ilar to pseudovitam in B12 [38, 39] , the ribose function in factor A binds to N 7 of the purine ring (contrasting the binding to N 9 in the case o f nucleic acids). This binding of the ribose portion had been predicted by D. C. Hodgkin for pseudovitam in B12 [40] on steric grounds, since the central cobalt atom would not be able to coordinate at N 7. Protonation o f the purine portion is responsible for the signifi cant basicity o f cyano-factor A by electrophoresis in acetic acid [7] (pK-values 2.9 for the corrinoid and 4.8 for the isolated nucleoside [37] ). A further contri bution toward the elucidation of the structure of factor A came through partial chemical synthesis [18, 19] . UV/VIS-spectra of the aqua-factor A, Co(II)-factor A (obtained by reduction of aqua-factor A by CO in water [41] ), and Co(I)-factor A [42] were reported, as well as CD-spectra of Co(I)-factor A and mono-and dicyano-factor A [42] . The coordinative bond between the purine base and cobalt ion in factor A is weak, as com pared with that in cobal amin. This is evidenced by relatively high affinity toward cyanide ion [43] and rapid reduction to the Co(I)-form by N aB H 4 in w ater [42] . According to Pfiffner et al. [44] , there exist two m odifications of factor A, both containing 2-m ethyladenine but dif fering in refractive indices. The same duality has been observed with pseudovitam in B12 [44] , How ever, no confirm ation of the existence o f these two m odifications has been reported elsewhere.
Putting these results together, the structure of factor A was essentially clear, since the cobinam ide portion has long been known from the X-ray struc ture determ ination of vitam in B12 [45] and from partial synthesis via cobyric acid and 1-aminopropanol-2 [46] . However, the details of the binding of the purine base to cobalt were not determ ined unambiguously, since coordination could conceiv ably take place via NB 9 or NB 3. This follows from com parable electron densities at both of these nitro gen atoms in adenine [47] and the ability of the purine ring to bind to metals either via the imidazole-N or via N B3 [48, 49] . A nother possibility would be an equilibrium of coordination isomers, especially in view of the postulated modifications [44] . The X-ray crystal structure analysis [50] re ported here now shows 2-methyladenine to be co ordinated to cobalt via NB9. Furtherm ore, all crys tallization attem pts yielded one crystal m odification only. Coordination via N B 9 (rather than N B3) is probably dictated by steric requirem ents within the molecule as a whole, since a bond between cobalt and N B3 would lead to undue distortions of the nucleotide loop. It is known that even small changes within this loop, e.g. binding o f phosphate to C R 2 or C R 5 (instead o f C R 3) effect in cyanocobalam in a significant weakening o f the coordinative bond of the nucleotide base [51] .
As to our knowledge, this is the first X-ray struc ture determ ination o f a purine analogue o f vitam in
B12-

Experimental
Reagents and chemicals
Factor A (2-methyladeninyl-cyanocobamide) was prepared from sewage sludge [13, 14] . Elemental analysis data: 
X-ray analysis
Large crystals o f factor A grown from aqueous solution were available. Prelim inary X-ray investiga tion indicated that "air-dried" crystals were not sufficiently stable. We therefore decided to prepare "wet" crystals together with their m other liquor, and several crystals were sealed in 0.5 mm diam eter Lindem ann glass capillaries.
Since we were very concerned about the possi bility of crystal decomposition, no further prelim i nary Weissenberg and precession photographs were taken and the "best" crystal was selected and trans ferred directly to a SYNTEX P 2 X FO R T R A N dif fractometer. From a rotation photograph 15 reflec tions of varying intensities were selected and cen tered for autom atic lattice determ ination, which showed the crystal to be orthorhom bic P. Oscillation photographs about the three prom pted axes con firmed the data supplied by the diffractom eter pro gram. <9-2 0 scans were recorded num erically for selected reflections along each of the reciprocal axes, in order to check on the quality of the peak profiles under standard operating conditions. All were found to be satisfactory, and intensity data were now collected via a <9-2 <9 scan in 96 steps using bisecting geometry. D uring data collection the stability o f the entire assembly was monitored by m easuring two strong check reflections after every 98 data. Analysis of the check reflection showed a steady (monotonic) decrease in intensity o f one reflection over the period of data collection (40 h), the final intensity being ~ 85% of the initial intensity. A linear decay correc tion was therefore applied. Following the data collection, some reflections close to * = 90° and 270° were m easured at 10° intervals of rotation about th eir diffraction vector. Examination o f these y/ scans showed that the worst variation in intensity was less than 10%. This, to gether with the facts that we have a relatively small value for the absorption coefficient and th at we observed some am ount of decay o f X-ray intensity for one check reflection, induced us not to apply empirical absorption corrections. All numerical de tails of crystal data and data collection are sum m arized in Table I. A survey of the complete data set revealed the systematic absences hOO for h = 2n + 1, OkO for k = 2 n + \ , and 001 for 1 = 2 « + 1; the noncentrosymm etric orthorhom bic space group P 2 12121 (D£; No. 19) is uniquely indicated. All data were converted to | F0 1 values following correction for Lorentz and polarization effects.
The structure determ ination and refinem ent was carried out with 3682 reflections having |.F0| > 3<r(F) and omitting some for extinction. The position o f the N£0 Fig. 1 . ORTEP plot [52] , atom numbering scheme and the most important interatomic distances (pm) of the molecular structure of factor A. The estimated standard deviations are: C o-N , 3 pm; all others S 5 pm. cobalt atom was found from a Patterson synthesis. Successive difference Fourier m aps coupled with least-squares refinem ent (SHELX 76 [58] ) showed the positions o f all other non-hydrogen atoms. From 28 water molecules which were calculated according to the observed density of the crystal, only 7 could be found clearly in difference Fourier maps. Isotropic block-diagonal least-squares methods [58] refined the 93 non-hydrogen and the 7 oxygen (water) atoms to a final conventional R = 0.166 and R w = 0.148. Fig. 1 shows an ORTEP plot [52] o f factor A. The atom numbering scheme of the m olecular structure which is taken from D. C. Hodgkin [53] , and the most im portant interatom ic bond distances are also given. The final positional and therm al param eters are listed in Table II . A stereoview o f factor A is presented in Fig. 2 . This stereo diagram may be viewed either with stereoglasses [54] or, better, with a stereomonokel (stereomirror) [55] . Fig. 3 and 4 show two alternative views of the molecule.
Results and Discussion
All these figures clearly show the m olecular struc ture and the axial ligands on cobalt (cyanide ion and the purine base 2-methyladenine) as well as the corrin ring system (C l to C19) which is very roughly planar. As in cyanocobalamin the short side chains (methyl groups C46, C54 and the acetam ide side chains) extend above the plane o f the corrin ring while the long side chains (the propionam ide side chains) extend below. The m ost im portant feature of the structure of factor A is the coordina tion of the purine base 2-methyladenine via N B9. Although the nature of the axial ligand bases of vitamin B12 (5,6-dimethylbenzimidazole) and factor A (2-methyladenine) indicates almost the same kind o f bonding, there are small differences in the folding o f the corrin ring about the C o -C IO line. This is attributed to the different contact of C 5 and C35 with the bases: via the hydrogen atom on CB4 of 5,6-dimethylbenzimidazole and via the free electron pair on NB 3 of 2-methyladenine in cobalam in and factor A, respectively. Table III gives a According to own best mean plane calculations from ato mic parameters given in [53] . N22  N23  N24  N21   |  N21  N22  N23  N24  N21  N22  N23  N24  Y   Ado-Cbl  89  97  91  83  94  84  91  94  92  89  85  94  171  Dry B12  92  94  94  81  89  87  90  87  94  90  88  97  175  e 2  93  93  89  86  89  87  92  88  92  93  87  92  179  Factor A  92  96  89  84  92  87  90  90  89  90  89  94  176 Table VII . Important angles (°) in corrin system. of some corrin atoms from the best m ean plane through N 2 1 -N 2 4 . It can be seen that the distance of C35 is 105 pm for dry B12 and only 89 pm for factor A. Furtherm ore, the intram olecular distance of 351 pm between C5 and CB4 in dry B12 is contracted to 337 pm between C 5 and NB 3 in factor A; note the different atom num bering in the bases. A surprising feature is found in the difference of 1000-10® pm 3 in the unit cell volumes o f factor A and vitam in B12 (air-dried) [53] . This difference can be rationalized by the different chem istry o f the bases. In factor A, as in vitam in B12, the base does not have any freedom of rotation about the C o -N bond. It is constrained by the axial substituents of the corrin ring (methyl group C20 and m ethylene groups C30, C41, C48 and C55 of the propionam ide side chains). Indeed, these groups form a hydrophobic pocket and so serve a protective func tion for the purine base against water. 2-M ethyladenine is, though, m uch m ore hydrophilic than 5,6-dimethylbenzim idazole in the corrinoid molecule. This may explain the high water content o f wet factor A (28 H ,0 as com pared with 22 H aO in wet B12 [56] ).
In general we can say that -despite the different chemistry of the bases -there are only small differences in bond lengths and bond angles as well as in molecular conformation between factor A and B12. Computing all interatom ic distances, inter bond angles, torsion angles, and deviations from the best mean planes through portions of each molecule and comparing them in detail one obtains the values given in Tables IV to VIII. The com pounds which were used for comparison with factor A are AdoCbl *, dry B12 and B12-monocarboxylic acid E2. The values of these compounds have been taken from the review article on "X-ray Crystallography of B12 and Cobaloximes" by J. P. Glusker [56] . The reason for taking dry B12 instead of wet B12 was dictated by availability of data. According to G lusker [56] , there are only small differences in the m olecular structure between dry B12 and wet B12. Table IV lists the distances around the cobalt atom and the deviations of these atoms from the best mean plane through N21 to N 24. Some of these deviations are small and may not be significant (e. s. d. ^5 pm). This table also clearly shows the transeffect of the axial ligands. In addition, bond angles around the cobalt atom are listed in Table V . The distortions in the octahedral coordinates are evident. Bond distances in the corrin system are listed in Table VI , im portant bond angles in the corrin system are listed in Table VII. Finally in  Table VIII some im portant torsion angles in the nucleotide loop are given. Again, this table shows the sim ilarity of factor A in comparison with the three other com pounds of interest.
A nother m ethod o f comparing similar X-ray structures has been suggested by Liebm an and G lusker [57] . Their method employs a partitioned distance m atrix analysis and enables one to see exactly what parts o f the structure can be super-imposed without any prior bias. Several examples of such comparisons of B12 derivatives are given in the paper by Glusker [56] .
